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ABSTRACf
Cancer may arise from the genetic transformation of a single
precursor cell, which proliferates to form a clone.
Chromosomal abnormalities are associated with many types
of tumours. Some of the chromosomal rearrangements such
as translocation, deletion and insertion involve breakage of
chromosomes close to known oncogenes. The close linkage
between the chromosomal changes, the gene modifications
and consequently altered protein function seen in malignant
cells suggest that cancer is a genetic disease. Analysis of
chromosomal abnormalities and oncogene amplifications
in malignant cells have been found to be related to their
malignant potential and hence may be utilized in the clinical
management of patients with cancer.
INTRODUCTION
Transformation of the genetic material in one or more
of the body's normal cells leads to uncontrolled proliferation of the descendant cells resulting in cancer. Such
genetic abnormalities produce a proliferative advantage
in the neoplastic cell that can be transmitted to the daughter
cells leading to the development of a clone of cells that
replicate without regard to normal controls and eventually
overwhelm the host. I Thus, cancer can be regarded as a
genetic disease caused by inheritable or acquired defects
in the structure or regulation of genes that control cell
proliferation and differentiation. Important genetic changes
may be manifested as gross chromosomal alterations.
The role of chromosomes in the transformation of a
normal cell to a neoplastic one was postulated as early as
1914 by the German zoologist Theodor Boveri.? He
proposed that a malignant growth might result from an
unbalanced set of chromosomes and following observations on sea urchin eggs, he further suggested that such an
imbalance might follow multipolar mitosis. But, Boveri's
hypothesis could not be examined critically until the
1950s. Karyotype analysis was applied to research and
routine diagnostics in 1956 when the exact number of
chromosomes in man was established by Tjio and Levan. 3
In 1960, Nowell and Hungerford" discovered a minute
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chromosome in the bone marrow cells of patients with
chronic myeloid leukaemia-the
Philadelphia chromosome (Ph'). This chromosome is the best known example
of a specific chromosomal abnormality associated with a
particular type of cancer. However, it remained an exception among human neoplasms till the introduction of
chromosome banding techniques in the 1970s.5
Major advances in the understanding of human
neoplasia have occurred since then and a number of
chromosomal abnormalities have been described in
different malignancies. Although carcinomas and
sarcomas account for the greatest proportion of neoplasms,
they represent only about 10% of the karyotypic data
available. The maximum information on the karyotypic
pattern in malignant cells is available for leukaemias
and lymphomas. The latest developments in molecular
genetics of neoplastic transformation induced by viral and
cellular genes (oncogenes) have added another dimension
to the role of chromosomes in carcinogenesis. Thus,
cancer cytogenetics has become an essential tool of
modern medicine and the chromosomes of neoplastic
cells are important for studying the pathogenesis, diagnosis
and prognosis of cancer patients.
CHROMOSOMAL BASIS OF HUMAN NEOPLASIA
The malignant cells of most cancers in humans have
chromosomal defects. As the defects are clonal in nature
and are present throughout the disease process, it is possible that a rearrangement of genetic material is a
common step in the development of malignancy. 6.7 Such
a pathway could involve at least three different types of
chromosome-gene alterations. Firstly, a genomic rearrangement may set a stem cell towards a malignant
path. Secondly, the controlling steps of cell proliferation
and differentiation may be altered in such a way as to
commit a stem cell towards one or another related type
of malignancy. Thirdly, some non-random secondary
chromosomal defects seen during the evolution of the
neoplastic process, may enhance tumour aggressiveness. 8
Consistency of chromosomal alterations
The unique, generally complex, cytogenetic changes
detected in almost all human neoplasms can be divided
into two broad categories-numerical
and structural.
Numerical changes, which consist of additions or losses of

64
TABLE

THE NATIONAL

I. Consistent chromosomal aberrations in neoplasms

Aberration

Neoplasm

Translocation
9;22
8;14
15;17
8;21
6;14
Deletion

Chronic myeloid leukaemia
Burkitt's lymphoma
Acute non-lymphocytic leukaemia (subtype M3)
Acute myeloblastic leukaemia (subtype M2)
Ovarian papillary cystadenocarcinoma

1 p31-36
3 p21-23

6 q21-24
11 pl3
13q14

Trisomy
8
12
Monosomy
22

Neuroblastoma
Small cell carcinoma ofthe lung
Acute lymphoblastic leukaemia
Wilms tumour
Retinoblastoma
Acute myeloblastic leukaemia
(subtypes Ml, M2, M4 to M6)
Chronic lymphocytic leukaemia
Meningioma

whole chromosomes, will result in either minor amplification or loss of heterozygosity for complete chromosomal
sets of genes. Such changes will simultaneously affect
gene dosage for thousands of genes. Structural abnormalities such as trans locations , inversions, deletions,
insertions and amplifications can alter specific genes that
are located at the breakpoints or they can affect dosage."
Many of these chromosomal abnormalities are found to
be consistent with a particular type of cancer (Table I).
Information obtained from banded chromosomes has
increased the precision of the cytogenetic investigations.
There are several reports showing a non-random involvement of chromosomes in different types of neoplasms'?
but these may not occur in every case in a specific neoplasm.
According to Sandberg," non-randomness may reflect the
propensity of certain chromosomal groups to respond
more frequently to neoplasia than others. Non-random
rearrangement of chromosomes may reflect an imbalance
of genes related to the expression and suppression of
malignancy. Mitelman!' reported that chromosome
breakpoints are localized to a limited number of regions
(bands) which contain gene(s) of prime importance in
neoplastic development, e.g. abnormalities in retinoblastoma and Wilms tumour have been localized to
specific bands. 12,13 These are examples in which a specific
constitutional chromosome defect predisposes to a
specific tumour.
THE ONCOGENE CONNECTION
Huebner and Todaro proposed that our own cells contain
genes which have the potential to cause cancerous transformation if appropriately activated.l" This concept has
developed into the oncogene hypothesis.
All mammalian cells contain genes, known as protooncogenes, which, when activated, may contribute to the
development of malignancy. Many of these genes have
DNA sequences homologous to the viral oncogenes first
detected in a class of RNA viruses'! which may be classified
into rapidly transforming and slowly transforming viruses.
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The rapidly transforming viruses carry genetic information capable of inducing tumours directly (oncogenes).
Sequences homologous to the oncogene region are present
in normal cells and the normal cellular sequences have
been referred to as proto-oncogenes." There is a high
degree of homology between the viral oncogenes and the
cellular proto-oncogenes, at the level of nucleic acids and
their protein products. The oncogene carried by a virus is
referred to as the v-onc while the proto-oncogene is
referred to as the c-one .17 Investigations aimed at determining whether oncogenes developed initially in viruses
or in cells of higher organisms have concluded that the
cellular proto-oncogenes most likely developed first and
are only incidental to the RNA virus. IS The slowly transforming viruses induce tumours by getting inserted next
to the host cellular genes and altering the transcription of
the adjacent cellular gene.
More than 35 viral oncogenes have been identified.'?
In each case, the oncogene was closely related to a normal
gene in the host animal and encoded an oncogenic protein
similar to a normal protein. These genes are expressed in
normal cells but do not result in the development of malignancy. The expression of proto-oncogenes in the normal
cells is well controlled and appears to play a role in the
growth and development of the organism. The normal
function of some of these genes has been determined,
while for others a close association between cell proliferation and gene expression has been established. I Some
(e.g. c-myc) code for nuclear proteins which seem to
be involved in the control of cell proliferation and
differentiation. Others code for cytoplasmic GTP-binding
proteins (ras) and proteins with specific phosphokinase
(tyrosine kinase) activity (src) or appear to produce
substances which influence cellular behaviour through
pathways similar to those of growth factors (sis).IS
Proto-oncogenes in normal cells may be activated by
mutation, amplification or rearrangements such as
chromosomal translocation.P Activated forms of protooncogenes have been detected in malignant cells of
human origin both by their ability to transform normal
cells after transfection of DNA, and by using labelled
DNA probes that are complementary to known viral
oncogenes. IS Some cell lines contain two activated
oncogenes. A specific oncogene may produce a selected
cancer, although some oncogenes may be responsible for
multiple types of cancer. Though the mechanism of
oncogenesis is unclear, it is hypothesized that viral
oncogene products might cause changes in the surface
structure and function of their target cells.I' Whatever
may be the specific mechanism that converts a protooncogene into an oncogene, an oncogene must finally
have its effect by way of the protein it encodes. 22
Dominant and recessive oncogenes
While the role of activated oncogenes is not fully understood, a gene may playa role in the causation of cancer by
one of two mechanisms.P Firstly, its mutation may result
in a product with abnormal function that promotes the
malignant process. As the mutant gene has its effect
despite the presence of the product of the unmutated
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homologous allele, such a gene is called a dominant
oncogene. These have been recognized by their structure
which is homologous to oncogenes of RNA tumour
viruses (retroviruses) and by their ability to transform
murine fibroblasts (3T3) in vitro. An example is the
Harvey-ras gene.24,25
The second mechanism-' by which a gene can promote
cancer is to undergo a mutation that reduces or eliminates
its function (rather than acquiring excessive activity or a
different function). As it is presumed that both alleles at
the given genetic locus must have undergone mutation to
produce a functional deficiency, this type of oncogene is
called a recessive oncogene. This mechanism involves the
deficiency of a normal product whose function should be
inhibition of excessive growth of the cell type in question,
opposing the dominant oncogenes which stimulate growth
and development.P The terms, tumour suppressor gene
or anti-oncogene, refer to this presumed inhibitory effect
on growth. The gene for familial polyposis coli located on
chromosome 5, for retinoblastoma (Rb gene) located on
chromosome 13, and the gene for Wilms tumour located
on chromosome 11 are examples of recessive oncogenes.
It has been shown that the loss of the Rb gene is not
limited to one rare tumour. It is also missing in about
40% of bladder cancers and in almost all lung and bone
cancers. Loss of growth suppressing genes has been
identified in some cases of small cell lung cancer, colon
cancer, acoustic neuroma and ductal breast cancer."
CHROMOSOMAL ALTERATIONS AND
ONCOGENES
A good correlation is emerging between well known
chromosomal breakpoints in human tumours and the
location of identified oncogenes.P Many oncogenes are
located in the chromosomal bands that are involved in
consistent translocations. Non-random chromosomal
translocations, amplifications, deletions or fine structure
changes of chromosomal DNA such as the homogeneously
staining region (HSR) , are all associated with a variety of
human malignancies and lead to the speculation that
chromosomal alteration may activate oncogenes. 17
In the Philadelphia (Ph') chromosome, the c-ab/
proto-oncogene is translocated from its normal site on
chromosome 9 at band q34,to a very restricted region 'on
chromosome 22-the breakpoint cluster region (bcr).28
This results in the formation of a hybrid gene that codes
for an altered protein product with markedly elevated
tyrosine kinase activity as compared with the product of
the normal c-ab/ proto-oncogene. 29The Ph chromosome
(classical 9:22 translocation) has also been reported in
some patients with acute myeloblastic and lymphoblastic
leukaemias. However, in these patients, molecular
studies have demonstrated that the breakpoint on
chromosome 22 is closer to the centromere than in chronic
myeloid leukaemia.P-" The resulting hybrid bcr-abl
fusion product has a different function; it is more mitogenic
in its tyrosine kinase activity. This causes rapid expansion
of the neoplastic clone and clinical presentation as an
acute leukaemia. 32
Other reciprocal translocations associated with cancers
I

65

include those between chromosomes 8 and 14 in Burkitt's
lymphoma.P chromosomes 15 and 17 in acute promyelocytic leukaemia.>' and 14 and 18 in many patients with
follicular lymphoma.P In these cancers, the translocation
of genetic information leads either to the active transcription of genes that are usually quiescent or to new fused
nucleotide sequences that are transcribed into new
peptide sequences. 1
Even though chromosomal deletions are frequently
observed in tumours, the consequences are known in only
a few instances. Examples include deletion of a portion of
the short arm of chromosome 3 seen in small cell lung
carcinoma cells.v deletion of part of the short arm of
chromosome 11 seen in Wilms tumour'? and deletion of
the long arm of chromosome 13 associated with the
development of retinoblastoma-" It is presumed that
these deleted regions contain 'cancer suppressor' genes
that must be present in full dosage if malignant transformation is to be avoided.
An increase in the amount of DNA from a specific
region of a chromosome results in areas on the chromosome referred to as homogeneously staining regions
(HSRs) or abnormally banding regions (ABRs). An
example of HSRs is the abnormal band widening on
chromosome 2, a manifestation of gene amplification of
the N-myc oncogene and a frequent finding in neuroblastoma. The number of N-myc copies in the tumour cells of
a given patient correlates with the clinical aggressiveness
ofthe tumour. Up to 700-fold amplification ofN-myc has
been found in HSRs of neuroblastoma cells.39,4OHSRs
and ABRs are associated with extensive gene amplification commonly associated with drug resistance and
oncogenes. Double minute chromosomes (DMs) which
appear as two small dots of dark staining material in a
metaphase preparation is another form of gene amplification. These, approaching several hundred in number, have
been detected in certain tumours. It has been postulated
that DMs represent the first stage in gentLamplification
and that some HSRs result from the integration of DMs
into the chromosome.l"
In addition to observable chromosomal alterations,
point mutations in the nucleotide sequence have been
detected in human cancers which can result in changes
that subvert the cell to malignancy. About one-fifth of all
human turnours have been shown to contain point mutations in the e-ras gene. 41In particular, bladder cancer cells
may contain genes of the ras oncogene family that differ
from normal genes at only a single nucleotide site.42
Specific genes are modified by these chromosomal
changes and the modified genes produce altered products.
According to Dana;' the close linkage between chromosomal changes, gene modifications and altered protein
function in malignant cells are evidence to show that
cancer is a genetic disease.
CLINICAL APPLICATIONS
Chromosome studies
Until quite recently, data on the chromosome constitution of cancer cells were confusing. However, systematic
evaluation has disclosed a number of correlations between
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chromosome changes and neoplastic disease. These results
are not only of practical importance in the diagnosis,
evaluation of treatment and prognosis, but also of
theoretical interest in cancer research and cell biology.
Even the slightest karyotypic deviation of a cell from its
normal diploid chromosome constitution may indicate an
altered biological behaviour compatible with that of the
neoplastic state. Therefore employing karyotypic examination with other cytological clinical criteria is important
in the diagnosis of neoplasia.
The chromosomal changes seen in neoplastic cells at
first examination will reappear in cells when clinical
disease recurs. Additional cytogenetic changes may
occur, but the original abnormality will usually serve as a
marker for the individual neoplastic cell clone. Demonstration of an abnormal chromosome karyotype in cells
from a patient with clinical signs of neoplasia can confirm
or establish a diagnosis of malignancy earlier than is
possible without such studies.v The presence of the
Ph' chromosome in the bone marrow cells is a specific
diagnostic characteristic for chronic myeloid Ieukaemia+v"
The cytogenetic changes encountered in different types
of malignancies are related to the malignant potential and
hence to the patient's prognosis. When large series of
particular cancers are examined in relation to the
chromosomal findings, the karyotypic picture can affect
decisions regarding therapy. 43 Certain karyotype patterns
may indicate the clinical course of disease and the
patient's response to therapy. In the case of chronic
myeloid leukaemia, Ph' positive patients have a more
favourable prognosis primarily because they respond
more. readily to therapy than the Ph' negatives. The
appearance of aneuploid cells in a patient with remission
in acute leukaemia indicates that relapse may be
imminent.f In acute myeloid leukaemia, it has been
reported that karyotypes classified according to specific
and non-specific chromosomal abnormalities can help to
identify patients belonging to the good, intermediate and
poor prognosis groupS.46-49 If identified early, new
methods of treatment can be instituted in patients in the
short survival group. In acute lymphoblastic leukaemia,
hyperdiploidy with greater than 51 chromosomes has
been reported to be a favourable prognostic sign. 5{}-55
Cytogenetic studies may be useful in confirming the
onset of metamorphosis in its more subtle forms. Regular
monitoring of marrow chromosomes can indicate the
onset of a refractory phase before clinical or haematological
changes occur. Some researchers have used intensive
chemotherapy at this stage and such treatment usually
suppresses the new emerging cell lines. Finally, the Ph'
chromosome serves as an invaluable marker of the success
or otherwise of treatment when chronic myeloid leukaemia
is managed by bone marrow transplantation. 56

advanced disease. It contributes perhaps to the progressing
malignant phenotype and could be a useful prognostic
sign.39,40
A weaker, but equally interesting correlation has
been observed between erb-B and c-myc in breast
cancer.s" Correlations can now be made with the state of
differentiation and clinical outcome with the levels of p62
c-myc and other proteins in lung, colonic, testicular and
cervical cancer.f Amplification and expression of c-erb-B2
has been reported to correlate with the prognosis of breast
cancer.P In oral cancer, a 5 to lO-fold amplification of
multiple oncogenes (c-myc, N-myc, Ki-ras and N-ras) has
been detected and is associated with advanced stages III
and IV. 63Preisler et al. 64reported that patients with acute
non-lymphocytic leukaemia, with high levels of c-myc
expression, were unlikely to enter complete remission
following chemotherapy. The converse was true for c-fms
expression levels. High levels of expression of c-myc or
c-myb were correlated with short remissions, perhaps
because these were associated with a high capacity of
leukaemic cells to renew themselves along with an inability
to differentiate in response to chemotherapy.

Oncogenes

Oncogene amplification has been correlated with progression of malignancy, aggressive biological behaviour
of the tumour and poor response to therapy. 40,57-59
In
neuroblastomas, the N-myc oncogene is amplified in
stages III and IV. This amplification correlates with
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THE FUTURE
The analysis of oncogenes and their products in biopsies
will help to determine prognosis and improve selective
therapy. Oncogenes seem to play a role in forging the
types of behaviour essential to clinical outcome and it
seems possible that characteristics such as the tendency to
local invasive spread and the ability to metastasize may be
predicted from the pattern of oncogenes in action. Cancer
therapy may well be improved as we further understand
the role of tumour suppressor genes in the genetic regulation of growth and differentiation of normal cells. It may
be possible to provide a normal allele of the deficient
tumour suppressor gene or its product and so revert a
malignant phenotype to a normal phenotype.
The oncogenes provide new targets for developing
pharmacological agents. Many oncogene products such as
tyrosine kinases exert their effects by phosphorylating
tyrosine and other proteins. By constructing antibodies
against the bcr-c-abl fusion product, which has tyrosine
kinase activity, new diagnostic and possible therapeutic
agents may become available for chronic myeloid
leukaemia. Agents are currently available which can
block tyrosine kinase activity. The most interesting are
suicide peptides containing tyrosine. These molecules
mimic the kinase's natural substrate and bind with such
affinity to the enzyme that they irreversibly destroy it.41
Such peptides, have not as yet entered clinical trials, but
they have aroused the interest of drug companies. -In addition growth factors, growth factor agonists and antibodies
to the receptors for growth factors are fruitful areas for
new drug design. Further advances in oncogene research
promises new approaches to the diagnosis, staging and
treatment of cancer.
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